It is well-known that CSEM data are sensitive to the presence of hydrocarbons, but the diffusive energy propagation results in low resolution images. Seismic data are much better suited to resolving structure and some rock properties, notably porosity, but attempts to map fluids from seismic data may be misleading due to the ambiguity between fluid and lithology effects. Careful combination of both types of data based on consistent rock physics helps to overcome their individual weaknesses. In this paper we describe a data integration study on the Luva gas field, resulting in estimates of gas volume and other reservoir properties such as porosity and shaliness.
Introduction
The Luva field was discovered in 1997 in deep water (1274 m) in the Vøring Basin of the Norwegian Sea ( fig. 1 ). The original exploration well, 6707/10-1, encountered over 140 m of gas filled Cretaceous sand in a tilted fault block, with estimated recoverable reserves of 38 Bm 3 . In 2006 OHM conducted a CSEM survey across the Luva field, comprising 21 seafloor receivers each recording two orthogonal electric field components, and a 41 km source transmission line over the receiver array.
The 2D seismic data show a clear flat spot associated with the gas-water contact, and the top sand reflection is also very clear (fig 2) . The seismic line was parallel to the CSEM acquisition line, but separated by about 500 m.
In this paper we describe a workflow integrating seismic and CSEM data to obtain estimates of porosity and gas saturation which would not be obtainable from either data type alone. Using the seismic data allowed us to estimate porosity and to identify the shale layers within the reservoir, while the inverted CSEM data was sensitive to gas saturation. The first part of the paper outlines the rock physics, followed by a discussion of resolution and upscaling. Finally we show the results of the integration process.
Rock Physics Analysis
Geophysical properties of rocks, such as resistivity or elastic moduli, depend on mineralogy, pore fluid properties, and the geometry or fabric of the rock. Rock physics models are the transforms used to convert the rock and fluid description into geophysical properties. In general, the choice of rock physics model depends on lithology. We select the most appropriate ones from a wide variety of possibilities and calibrate these carefully using well data. 
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We then perform extensive modelling based on the well logs. We may vary fluids, pressure, reservoir thickness, and lithology (particularly shale content) to investigate the sensitivity of the surface data to these quantities. The modelling process helps to clarify where ambiguities are resolved by combining elastic and electrical data and where they remain unresolved, thus permitting assessment of the uncertainties in our final results.
In the case of the Luva reservoir, porosity is obtained from the acoustic impedance, gas saturation is largely obtained from the resistivity, and the shaliness comes from a combination of resistivity and Poisson's ratio. The elastic properties are effective at distinguishing between brinesaturated and fizz gas sands, but not at distinguishing fizz gas from commercial gas. The resistivity is insensitive to low levels of gas, but very effective at estimating the saturation at higher levels (Walls et al, 2008) .
Shaliness is an important parameter for several reasons. It may be taken as an indication of net-to-gross and reservoir quality, but also has a strong effect on resistivity. In Luva, there are intra-reservoir shales, some of which are seismically resolvable whereas others are not. The latter tend to reduce the effective resistivity as seen at seismic scales. Their presence makes the use of Archie's equation highly questionable and we always include shale terms in our rock physics models for resistivity.
A cross-plot of gas saturation versus resistivity (fig 3) shows that the high resistivities correlate with high saturations, but at lower values there is more scatter, due partly to the variation in clay content. As many of the shales are below seismic resolution, we accept that they contribute to the uncertainty in our gas saturation estimates from the CSEM data, but it is clear that we can obtain upper and lower bounds on saturation from the cross-plot.
Scaling and Resolution
In order to run many forward models we upscale the finelylayered medium to obtain a more coarsely sampled equivalent. In both seismic and CSEM modelling, the run time is proportional to the number of layers in the model. The method of Backus averaging is well-known in seismic applications, and numerical studies show that if the coarser replacement layers are thinner than one tenth of the wavelength, the seismic response is indistinguishable from that of the finely-layered model. It should be noted that, whether the original fine layers are isotropic or anisotropic, the upscaled medium becomes anisotropic.
We use an upscaling approach for resistivity models developed by Soleng (2009) . This is based on resistor networks, and has been implemented in both 1D and 3D forms. It allows significantly coarser models than simple arithmetic averaging without significant loss of accuracy in the forward modelling. Just as in elastic upscaling, the resulting coarse models are generally anisotropic.
Apart from the saving in run time, it is important to apply smoothing to the log curves before cross-plotting them to derive calibration parameters to be applied to the surface data. The latter are limited in resolution and therefore see an effective medium consisting of a volume average of local properties. We therefore use Backus averaging for elastic properties, resistor network upscaling for resistivity, and appropriate volumetric averages for other quantities.
Joint Interpretation
Any inversion strategy must be justified by the data. For this reason, we apply a sequence of inversions of increasing sophistication. For the CSEM data, this means first using an unconstrained inversion to obtain a resistivity section with depth, which shows clearly whether there are anomalies present but typically results in a very smooth image. If anomalies are present, we move on to a constrained inversion in which structure may be defined from the seismic data. Using the constraints positions the anomalies correctly and sharpens the result. At the same time, elastic inversion of the seismic data is performed.
The elastic inversion used four angle stacks. The algorithm was developed by Tonellot (2001) and uses the Aki and Richards (1982) approximation to the Zoeppritz equations. A smooth background model was constructed by co-kriging the well data with the seismic along interpreted horizons.
Having obtained sections or volumes of both elastic properties and resistivity, joint interpretation consists of using the rock physics models obtained from the well data to combine the volumes into useful rock and fluid property 
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estimates away from the wells. Considerable care must be taken with time-depth conversion to ensure that the wells, seismic and inverted resistivity are all aligned correctly. In addition, further modelling may be carried out based on the well data to help define the attainable resolution and to investigate the possibility of unresolved ambiguities, for example between fluid and lithology effects.
Results
Results of the seismic inversion are shown in figure 4. Both P and S impedances delimit the reservoir and flat spot, and the thicker intra-reservoir shales are well defined in the P wave impedance.
An unconstrained CSEM inversion was performed, and this clearly indicated the presence of a resistive anomaly. In keeping with our inversion strategy, we therefore carried out a structurally-constrained inversion in which the initial model contained a discontinuity in resistivity at the top reservoir. Figure 5 shows the result superimposed on the seismic section. The high resistivity anomaly is located at the correct depth, and largely contained within the main reservoir fault block.
We combine the results of the CSEM and seismic inversions through the rock physics models. The main shale units are identified in a crossplot of P wave impedance versus S wave impedance and thereafter excluded from the calibration. In the well, the linear correlation between P wave impedance and porosity was extremely high, and therefore we simply used a linear transform. Finally, the upper and lower bounds on the resistivity-saturation plot (fig 3) were used to estimate upper and lower saturation bounds from the inverted CSEM data. Figure 6 shows the seismic data, and a gas volume display. The latter combines porosity, which was largely defined by the acoustic impedance, and the gas saturation, which was largely obtained from the resistivity. The corresponding well log is also displayed, and shows that despite the relatively low resolution of the CSEM method we are able to recover some information on the presence of gas at the seismic scale. The estimates extend outside the main fault block. The CSEM line and the seismic line are not coincident, but parallel, increasing the uncertainty in the result. Figure 6 shows the most optimistic result. To assess uncertainty, we also produced a least optimistic estimate. Cross plots at the well location indicate that the actual gas saturation lies in between the two. Other results, not shown in the figure, include shaliness and porosity.
These results are based on the combination of three types of data; CSEM, seismic and well logs. If any one of them were missing, quantitative work of this kind would not be possible. We therefore see CSEM and seismic data as important complementary sources of information for reservoir characterisation studies. The key to integration is the use of rock physics models which ensure consistency between the different physical properties.
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